Abstract-Molecular and ionic sublimation of gadolinium and terbium tribromides in Knudsen and Langmuire modes was studied by the method of high-temperature mass-spectrometry. On the basis of obtained enthalpies of sublimation and ion-molecule reactions the enthalpies of formation of LnBr 3 and Ln 2 Br 6 molecules and LnBr 4 -and Ln 2 Br 7 -negative ions were determined. For the first time the electron work function for crystals of the studied tribromides was calculated.
The systematic study of thermodynamics and kinetics of the molecular and ionic sublimation of tribromide of certain lanthanides was started in [1] [2] [3] [4] [5] [6] . Saturated vapor pressures above GdBr 3 and TbBr 3 were measured earlier by the boiling point [7, 8] , massspectrometry [9] , and torsion-effusion [10] methods, and also by the static methods [11] (GdBr 3 ). Except for [9] , where dimeric molecules were detected in vapor, in the above-mentioned works the total pressure was measured, and the data were treated on the assumption that only monomeric molecules are present in the vapor.
In this work new experimental data on the vapor pressure together with available published data including an updated set of thermodynamic functions were used for the calculation of the enthalpy of sublimation of gadolinium and terbium tribromides in the form of monomeric and dimeric molecules. On the basis of the examination of the obtained results thermodynamic parameters of monomeric and dimeric molecules were recommended.
Thermodynamics of ionic sublimation of the specified tribromides was studied for the first time, equilibrium constants were measured and enthalpies of ion-molecule reactions were calculated, and enthalpies of formation of negative ions LnBr 4 -and Ln 2 Br 7 -(hereinafter Ln = Gd, Tb) were determined on their basis.
In addition to the thermodynamic studies we have studied for the first time the kinetics of sublimation of GdBr 3 and TbBr 3 single crystals in Langmuir mode (evaporation from an open surface) and have determined the activation energies of their sublimation in the form of monomeric and dimeric molecules and also of negative ions LnBr 4 -and Ln 2 Br 7 -in Knudsen mode (evaporation under equilibrium conditions) from temperature dependences of ionic currents.
Measuremednts of molecular sublimation in
Knudsen mode. In the mass spectra of vapor above gadolinium and terbium tribromides ( The values of relative ionic currents are given in view of natural isotope varieties of ions and corrections for the dependence of the coefficient on the ion-electron conversion of the secondary-emission multiplier μ on the ion mass (see the text). section of the ith molecule ionization at the working energy of ionizing electrons (calculated on the basis of the ionization cross-sections of atoms σ at [13] by the expression σ mol = 0.75Σσ j at [14] ).
Temperature dependences of saturated vapor pressures of monomeric and dimeric molecules are approximated by linear equations log p = -A×10 3 /T + B with the coefficients given in Table 2 .
Partial pressures of components of saturated vapor above gadolinium and terbium tribromides together with the mass-spectrometric data of [9] , and also with the data on the total pressure [7, 8, 10, 11] are shown in Figs. 1 and 2 . It is seen from the figures that all the data on vapor pressures above GdBr 3 and TbBr 3 are located within the limits not exceeding an order of magnitude. For GdBr 3 our data agree better with the mass-spectrometric data [9] , and for TbBr 3 -with the data obtained by the effusion-torsion method [10] . In the latter case our data on the pressures of both monomers and dimers are lower by a factor 2-3 than the pressures measured in [9] , whereas the monomer:
Here (k) is a constant of the instrument sensitivity (determined in a special experiment on the vaporization of metal silver), (T) is a temperature of a cell, I i = ΣIi j /(a j γ j ) is a total ionic current of all types of ions formed by the ith molecule, (a) is a coefficient considering natural abundance of isotopes of the measured ion, (γ) is a coefficient of the ion-electron conversion {we accepted γ ~ M -1/2 [12] , (M) is a molecular weight of an ion}, (σ i mol ) is a total cross- 
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) dimer, [9] , (c) [11] , (d) [8, 9] , (e) [7] . 
) dimer, [9] , (c) [11] , (d) [8, 9] .
dimer ratios in the both works are close to each other. The fraction of dimeric molecules in the studied temperature range for the studied tribromides does not exceed 6%.
Enthalpies of LnBr 3 sublimation in the form of monomeric and dimeric molecules were calculated by Eqs. (2) and (3). uniform set of thermodynamic functions are presented in Table 4 . In the calculation of the sublimation enthalpies of monomers the data of [7, 8, 10, 11] on total pressure were corrected for the vapor composition obtained from mass-spectrometry measurements. As a whole, as it is seen from Table 4 , the values of sublimation enthalpies of monomers and dimers calculated by two independent methods using data of different authors agree within the limits of errors. The weighted average values (Table 5) found on the basis of criteria analysis [2] have been accepted as recommended values. As criteria (accepted equivalent) we have selected: (a) temperature run of the values of sublimation enthalpies calculated by Eq. (3); (b) comparison of sublimation entropies determined experimentally by Eq. (2) and calculated theoretically.
The enthalpies of formation of monomeric and dimeric molecules, which are presented in Table 5 , were found by combining accepted values of the sublimation enthalpies and of the enthalpies of formation of gadolinium and terbium tribromides in the crystalline state [18] .
Measurements of ionic sublimation in Knudsen mode. The ions Br
-, LnBr 4 -, and Ln 2 Br 7 -were recorded for the both tribromides in the mass spectra of the ionic sublimation in the range 860-1070 K. The ions LnBr 4 -were most intensive in the mass spectra, the intensity of the ions Ln 2 Br 7 -was less by approximately an order of magnitude. The intensity of the current of the atomic ion Br -was from 2 up to 5% of the LnBr 4 -intensity.
Here Δ r H 0 (0), Δ r H 0 (T), and Δ r Ф 0 (T) are changes of the reaction enthalpy and the reduced Gibbs energy at temperatures 0 and Т K, respectively, (R) the gas constant, and (K p ) is the reaction equilibrium constant.
Thermodynamic functions of TbBr 3 in the condensed state necessary for the calculations were taken from [15] and those of GdBr 3 , from the database [16] . Thermodynamic functions of monomeric LnBr 3 molecules in the ideal gas state were calculated in the "rigid rotator-harmonic oscillator" approximation using molecular constants recommended on the basis of the examination of available results of the experimental and theoretical studies [17] . Functions of Ln 2 Br 6 dimeric molecules were estimated by a comparative method by analogy with Lu 2 Br 6 [2] . The thermodynamic functions used in the calculations are given in Table 3 .
The results of processing the whole combination of the experimental data fulfilled with the use of a Table 6 . Experimental values of equilibrium constants and enthalpies of the ion-molecular reactions determined by Eqs. (2) and (3) a The value averaged over two reactions (Table 6 ) is given.
a GdBr 3 (gas) + LaBr 4 -(gas) → LaBr 3 (gas) + GdBr 4 -(gas) (I); GdBr 3 (gas) + LuBr 4 -(gas) → LuBr 3 (gas) + GdBr 4 -(gas) (II); TbBr 3 (gas) + LaBr 4 -(gas) → LaBr 3 (gas) + TbBr 4 -(gas) (III); Gd 2 Br 7 -(gas) → GdBr 3 (cr.) + GdBr 4 -(gas) (IV); Tb 2 Br 7 -(gas) → TbBr 3 (cr.) + TbBr 4 -(gas) (V).
The input data and the results of their processing are presented in Table 6 . 
In this reaction the ion Ln I Br 4 -acts as a standard, and the formation enthalpy of the ion Ln II Br 4 -was determined in relation to it.
To realize this procedure, we have studied the binary system LuBr 3 -GdBr 3 and two ternary systems Table 6 .
Enthalpies of formation of ions were determined on the basis of equilibrium constants measured of reaction (5) while studying pure gadolinium and terbium tribromide. Table 5 .
Comparison of sublimation activation energies and enthalpies for the studied tribromides shows that the enthalpies of monomeric molecules LnBr 3 and LnBr 4 - ions are close in values, and within the error limits they can be considered as equal. A similar correspondence is observed also for the corresponding parameters of the sublimation in the form of Ln 2 Br 6 dimeric molecules and Ln 2 Br 7 -ions. Whereas the activation energies and enthalpies of the sublimation in the form of monomeric and dimeric molecules are close to each other, the ratio of dimeric and monomeric molecules has appeared to be higher on the evaporation in Knudsen mode. This experimental fact reflects differences in the sublimation coefficients of dimers α s (Ln 2 Br 6 ) and monomers α s (LnBr 3 ). On the basis of relative intensities of ionic currents measured in two sublimation modes, we have estimated the ratio of partial sublimation coefficients α s (LnBr 3 )/α s (Ln 2 Br 6 ) for the studied tribromides at factors 15.7 (GdBr 3 ) and 2.2 (TbBr 3 ). We note that of all studied tribromides [1] [2] [3] [4] [5] [6] the greatest decrease in the fraction of dimers is observed for GdBr 3 on passing from Knudsen mode to Langmuir mode.
Assumed reasons of the decrease in the oligomerization degree of molecular flows in Langmuir mode can be a damped surface diffusion of adsorbed ions (Table 5) were determined on the basis of the obtained enthalpies of reactions (4) and (5) Measurements in Langmuir mode. The mass spectra of molecular sublimation, except for the Tb 3 Br 8 + ion, which was not recorded in this mode, are identical in qualitative composition to the corresponding mass spectra of the vapor above the studied tribromides observed in Knudsen mode. At the same time essential differences both in relative intensities of ionic currents and in their temperature dependences are observed. The aforesaid is readily illustrated by Fig. 3 , where temperature dependences of relative partial ionization cross sections Ф (ratio of the current of ions of a specified type to a total current of all ions formed from a given molecule) for single-charged ions are presented. We have noted an analogous effect also for others tribromides [1] [2] [3] [4] [5] [6] . In our opinion its nature is connected with essential polarization of adsorbed molecules in the field of the surface charge of the ionic crystal resulted in an excess "superthermal" vibrationrotation excitation of molecules sublimated from a crystal open surface [2] .
Activation energies of sublimation of crystals of the studied tribromides in the form of monomeric and dimeric molecules and LnBr 4 - molecules of dimers as compared with monomers owing to their greater polarizability and also a retardation of rotation and distortion of molecular structure in an electric field of a crystal surface charge [2] .
A special feature of the ionic sublimation study is the fact that in the studied temperature range (Fig. 4) the ratio of ionic currents I(LnBr 4 -)/I(Ln 2 Br 7 -) is independent of a sublimation mode. This result confirms the assumption [2] about the "diffusionless" mechanism of sublimation of ionic associates.
Electron work function. The ion LnBr 4
-was most intensive in the thermoionic emission mass spectrum. Emission of LnBr 4 -was observed in rather wide temperature ranges that has allowed us to determine reliably the values of sublimation enthalpies (Δ s H i 0 ) of the studied tribromides in the form of LnBr 4 -ions and to calculate the electron work function for LnBr 3 crystals by Eq. (6) [19] . 
Here Δ at H 0 is the enthalpy of the reaction of LnBr 3 atomization, A 0 is the bromine atom electron affinity, and Δ r H 0 is the enthalpy of gas-phase reaction (7).
LnBr 4 -= Br -+ LnBr 3 .
Input data and results of the φ e calculation are presented in Table 7 . The resulting values of the electron work function are thermodynamically reversible effective parameters related to the average temperature of the studied ranges.
EXPERIMENTAL
The work was fulfilled on an MI 1201 massspectrometer adapted for high-temperature investigations at the energy of ionizing electrons 70 eV. An energy scale of ionizing electrons was calibrated using the ionization energy of silver atoms and water molecules as standards [20] . The error in appearance energies was estimated at ±0.5 eV for single-charged and ±1 eV for two-charge ions. The detailed description of the installation and experimental techniques is given in [1] .
Samples under study of 99.99% purity were evaporated from a molybdenum cell with the ratio of a sectional area to the effusion orifice area (d 0.6 mm) of about 400. In Langmuir mode GdBr 3 and TbBr 3 single crystals were fixed in a molybdenum holder; the (001) face of a crystal (3×3 mm) obtained by spalling directly before placing of an evaporator in the massspectrometer was exposed for sublimation.
